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Introduction
One of the key risk factors for cardiovascular disease is hypertension-raised blood pressure. Hypertension, which leads to heart attacks and strokes already affects one billion people worldwide, making it a global public health issue. Researchers have estimated that raised blood pressure currently kills 15 million people every year [1] . In 2017, it was estimated that 80% of the global mortality attributable to high blood pressure would occur in low and middle-income countries [1] . The importance of blood pressure as a modifiable risk factor for cardiovascular disease is well-recognized, and many effective blood pressure lowering treatments are available for the condition. Therefore, hypertension control and prevention of subsequent morbidity and mortality is achievable. However, the incidence and prevalence of the condition is on the rise in low-and middle-income countries, with the biggest increase in sub-Saharan Africa [1] and South Africa at the forefront [2] .
South Africa, a middle-income country battling the largest HIV [3] and tuberculosis [4] epidemics in the world, now faces an additional challenge with an increasing burden of non-communicable chronic disease (NCD), particularly for cardiovascular disease. Incidence estimates for hypertension, one of the most common risk factors for cardiovascular disease, are lacking, but evidence indicates the prevalence of hypertension in on the rise in South Africa. In the late 1990s, the prevalence of hypertension in the general population was estimated at approximately 15% [5] [6] [7] . In 2008, Bärnighausen et al. reported a prevalence estimate of 33% among adults 15-50 years of age using Demographic Surveillance Area data from 2004 [8] . Berry et al. estimated an adult prevalence of hypertension of 35% using South African National Health and Nutrition Examination Survey data from 2011-2012 [9] . More recently, the 2016 South African Demographic and Health Survey reported 46% of women and 44% of men are hypertensive or taking antihypertensive medication [10] . The prevalence of the condition is expected to rise even faster in the coming years as obesity and sedentary lifestyles, both major risk factors for cardiovascular health, continue to increase [11] .
A less-examined contributing factor to the NCD epidemic in South Africa has been the rapid expansion of HIV treatment programs [12] [13] [14] [15] . Starting in 2004, antiretroviral therapy (ART) has been offered to HIV-positive individuals who meet a broadening set of eligibility criteria [12] , which now includes all infected persons [15] . Access to ART, which has nearly reversed the country's HIV-related loss of life-expectancy, has resulted in a steady rise in the median age of the HIV-positive population [16] . This, in turn, has increased the HIV-infected population's risk of HIV and non-HIV related NCDs to a level comparable to that of the HIVnegative population [1] . Currently, hypertension is one of the most common risk factors for cardiovascular disease among HIV-positive individuals, with an estimated prevalence of 5% to 55% in high-income and 9% to 46% in low-and middle-income countries [17] . Studies comparing HIV positive patients to HIV negative controls have reported inconsistent results, with hypertension prevalence in HIV positive populations either comparable to [18] , lower than [19, 20, 21] , or higher than [22] their HIV negative counterparts. Some studies have found that HIV-positive individuals in sub-Saharan Africa have lower diastolic and systolic blood pressure than HIV-negative controls, regardless of ART status [19, 23] . However, others have suggested an increased risk of hypertension with ART [22] , and still others have shown no association between hypertension and HIV, with or without ART [18] .
As the HIV-infected population ages and access to ART increases in low-and middleincome countries, the number of patients on ART developing hypertension, and subsequent CVD, will also rise, making identification and management of this condition alongside HIV increasingly important. To help fill gaps in research on this topic in low-and middle-income settings, we examined the prevalence, incidence, predictors, treatment, and control of hypertension among HIV-positive patients on ART in a large South African observational cohort.
Methods

Cohort description
This study used data from the Right to Care Clinical HIV cohort [24] , which includes HIV positive patients from eight public-sector clinics across South Africa. The clinics began initiating patients onto ART in 2004 at the start of South Africa's public sector treatment program. HIV care and treatment at the study clinics is provided according to national treatment guidelines [12] [13] [14] [15] . As of April 2016, the cohort included 158,374 patients, of whom 119,397 had initiated ART. Patient data, including demographic characteristics, clinical conditions, laboratory test results, and medications (antiretroviral (ARV) and non-ARV) are entered on site by a clinician or a data entry clerk into a live data capturing system called TherapyEdge-HIV™. Weight, height, and systolic and diastolic blood pressure are routinely measured at medical visits.
Eligible patients
All ART-naïve, non-pregnant, HIV-positive adult patients newly initiating standard first-line ART between April 2004 and April 2016 were eligible for the analysis. We excluded patients with missing systolic and diastolic blood pressure measurements at three months prior to one month after ART initiation. The standard first-line regimen until April 2010 was stavudine or zidovudine plus lamivudine and efavirenz; after April 2010, tenofovir or zidovudine replaced stavudine [12] [13] [14] [15] . Mortality is routinely recorded in the patient clinical record and confirmed via linkage with the National Vital Registration system [25, 26] for patients with a national identification number. For this analysis, loss to follow-up was defined as being at least three months late for the patient's last scheduled visit to the clinic.
Use of data was approved by the Human Research Ethics Committee of the University of the Witwatersrand (M140201). Approval for analysis of de-identified data was granted by the Institutional Review Board of Boston University (H-29768).
Outcomes
Primary outcomes. Our primary outcomes of interest were prevalent hypertension at ART initiation and incident hypertension on ART. Prevalent hypertension was defined as a single blood pressure (BP) measure of >140/90 mmHg three months prior to and up to one month after ART initiation, or if the patient file had hypertension noted as a condition, or if hypertension drugs had been prescribed in the same time frame. Incident hypertension was defined as a patient having normal blood pressure measurements and no evidence of previous treatment for hypertension prior to or at ART initiation and meeting any of the following criteria after ART initiation [27] :
• at least three blood pressure measurements, at least two days apart, which were >140/90 mmHg (or >130/80 mmHg in the presence of co-morbidities), OR
• a single blood pressure measure !180/110 mmHg, OR
• documentation in the patient file of a diagnosis of hypertension more than three months after ART initiation to ensure the patient did not have hypertension at ART initiation, OR
• documentation in the patient file of initiation of treatment for hypertension more than three months after ART initiation to ensure the patient did not have hypertension at ART initiation.
Secondary outcomes.
We assessed three secondary outcomes:
• pre-hypertension at ART initiation, defined as a single blood pressure measurement between 120/80 mmHg and 140/90 mmHg three months prior to and up to one month after ART initiation.
• elevated blood pressure beyond the initial incident hypertension diagnosis as an indicator of whether patients' hypertension improved over time (defined as at least three blood pressure measurements, at least two days apart, which were >140/90 mmHg (or >130/80 mmHg in the presence of co-morbidities), or a single blood pressure measure !180/110 mmHg).
• prevalence of hypertension-related co-morbidities, including hyperlipidemia, hypercholesterolemia, heart failure cardiomyopathy, cardiac arrest, and acute ischemic heart disease.
Analysis
Demographic and clinical characteristics at ART initiation were summarized using descriptive statistics. For prevalent hypertension at ART initiation, we fit a log-binomial model to assess predictors (i. As creatinine clearance, a surrogate measure for estimated glomerular filtration rate (eGFR), was not routinely measured until tenofovir was introduced in public sector in April 2010 [13], we ran a second competing risk regression model restricted to patients who initiated after April 2010 adjusting for creatinine clearance. Creatinine clearance was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation which estimates creatinine clearance on the basis of the serum creatinine, race, age, and gender [29] . Creatinine clearance was categorized according to the U.S. National Kidney Foundation's Kidney Disease Outcome Quality Initiative (K/DOQI) as normal (!90ml/min), mild (60-89ml/min), moderate (30-59ml/min), and severe (<30ml/min) renal dysfunction [30] . We also adjusted for age, gender, BMI, NNRTI, NRTI, WHO stage, pre-hypertension, CD4 count, and hemoglobin level. Predictors of prevalent and incident hypertension were chosen based on previous peer reviewed studies in HIV-positive populations.
Results and discussion
Cohort description
A total of 80,560 patients were eligible for the analysis. Of those, 77,696 had a blood pressure measurement at ART initiation and were included in our analysis (Table 1) 
Prevalent hypertension
More than a fifth of the cohort (n = 17,126, 22.0%) had prevalent hypertension at ART initiation. As expected, older patients (40-49 - 
Incident hypertension
For our assessment of incident hypertension while on ART, we excluded patients with hypertension at ART initiation (n = 17,126), leaving a final sample of 60,570. Of these, 75.2% (n = 45,561) had normal blood pressure and 24.8% (n = 15,009) patients were pre-hypertensive. There were 8,125 (13.4%) incident hypertension cases diagnosed at a median of 13 months (IQR: 9-230) after ART initiation. The overall incidence rate for this cohort was 5.44 per 100 person years (95% CI: 5.32-5.56). Men had a higher rate of incident hypertension (6.25 per 100 person years; 95%CI: 6.04-6.46) than women (4.98 per 100 person years; 95%CI: 4.84-5.12) overall. By age, men had higher incidence of pre-hypertension and hypertension than women until the oldest two age groups (40-49 and !50 years), where women showed higher rates than men (Fig 1) . Results from the linear regression models indicate that a change of one standard deviation in the in BMI resulted in a 0.175 (95% CI: 0.142, 0.208) standard deviation increase in the systolic blood pressure and a 0.251 (0.218, 0.285) standard deviation increase in the diastolic blood pressure (Table 3) . Additionally, a change of one standard deviation in the in BMI resulted in a 0.209 (95% CI: 0.196, 0.222) standard deviation increase in diastolic blood pressure. Similar to prevalent hypertension, we found that patients !40 years of age and those classified as overweight or obese were at increased hazards of hypertension during their time on ART (Table 4) . Male patients (HR: 1.23; 95% CI: 1.14-1.32) and those with pre-hypertension (HR: 2.05; 95% CI: 1.92-2.19) at ART initiation also had increased hazards of hypertension over the period of follow-up (Table 4) . Patients with a CD4 count <50 cells/mm 3 at ART initiation had a 25% increased hazards of developing hypertension compared to those with a CD4 count !350 cells/mm 3 . When assessing the choice of NNRTI in first-line ART, patients initiated on nevirapine were at 27% increased hazards of developing hypertension compared to patients initiated on efavirenz (HR: 1.27; 95% CI: 1.13-1.43), while patients who initiated on either zidovudine or stavudine had a 40% increased hazards of developing hypertension compared to patients initiated on tenofovir (Table 4) .
When limiting the cohort to those patients who initiated ART after the South African national guidelines called for the replacement of stavudine with tenofovir in first-line ART (April 1, 2010), we found that patients with moderate/severe renal insufficiency (creatinine clearance <60 ml/min) had a 70% increase in the hazards of hypertension compared to those with normal renal function (creatinine clearance !90 ml/min) (HR: 1.70; 95% CI: 1.18-2.46) ( Table 5) .
Clinical management and outcomes among patients receiving treatment for hypertension
Of the 8,125 incident hypertension cases, 24.0% (n = 1,952) received medical treatment for elevated blood pressure at the same clinic during the course of follow-up (Fig 2) . Of these, 32.6% (n = 636) were treated within 3 months, 9.2% (n = 180) within 3-6 months, 15.0% (n = 294) within 6-12 months, and 43.1% (n = 842) more than 12 months after hypertension diagnosis (Fig 2) . Of the 1,952 who received treatment, 4.1% (n = 79) died, 10.6% (n = 207) were lost to follow-up, 16 .7% (n = 325) transferred out, and 68.7% (n = 1,341) remained in care at their original clinics after the incident hypertension event while on ART. More than half (58.2%) of the treated patients who had sufficient follow-up blood pressure data (n = 1,546/1,952) went on to have elevated blood pressure at a median of 5 months (IQR 3-9 months) after receiving hypertension medication. A small fraction of these patients (n = 35, 1.8%) developed 37 comorbidities between them related to hypertension, including 26 (70.3%) cases of hyperlipidemia/ hypercholesterolemia, 7 (18.9%) of hypertensive heart disease, 2 (5.4%) of cardiomyopathy, and 2 (5.4%) of congestive heart failure.
Clinical management and outcomes among patients not receiving treatment for hypertension
The remaining 6,173 (76.0%) with incident hypertension did not get medical treatment during follow-up. The frequency of mortality (4.8%; n = 298), loss to follow up (13.5%; n = 834) and transfers out of the clinic (22.2%; n = 1,371) were higher than in the population of patients who received treatment for hypertension. 53.9% of these untreated patients with sufficient follow-up blood pressure data (n = 4,849/6,173) still had elevated blood pressure at a median of 6 months (IQR: 5-13) after their initial incident hypertension diagnosis, and 1.6% (n = 96) of them had 98 co-morbidities between them related to hypertension: 93 (94.9%) cases of hyperlipidemia/ hypercholesterolemia, 1 (1.0%) of heart failure, 3 (3.1%) of cardiomyopathy and 1 (1.0%) of cardiac arrest.
As treatment programs for HIV are scaled up globally and deaths from AIDS-defining conditions decline, the management of NCDs, such as hypertension, is emerging as an essential part of HIV care in low-and middle-income countries. Longitudinal data on incident hypertension in HIV patients in sub-Saharan Africa are scarce. With over 75,000 HIV-positive patients on ART over 12 years of follow-up, our cohort is one of the largest to date to assess prevalent and incident hypertension, associated risk factors, treatment, and control of the condition in a middle-income setting. As such, our work adds to the evidence base on hypertension € WHO = World Health Organization; ¥ CI = confidence interval. All predictors are measured at ART initiation. Model adjusted for gender, body mass index, age, nucleoside reverse transcriptase inhibitor, non-nucleoside reverse transcriptase inhibitor, WHO stage, CD4 count at ART initiation, hemoglobin levels at ART initiation. Fine and Gray's competing risk regression used controlling for death as a competing risk for incident hypertension https://doi.org/10.1371/journal.pone.0204020.t004 Table 5 . Predictors of incident hypertension in patients on ART after April 2010 when tenofovir was introduced into first-line ART (n = 32,919). and its risk factors in settings of both high HIV prevalence and the non-HIV risk factors common in middle-income countries.
In the present study, we found a prevalence of hypertension of 22% at ART initiation, consistent with previously published estimates from other sub-Saharan countries [19] . Incidence of hypertension in our cohort was 13% over a median of 22 months of follow up, corresponding to an overall rate of hypertension of 5.4 per 100 person-years. While incidence estimates among HIV-positive populations are scarce, our results are lower than studies conducted in low-income populations in sub-Saharan Africa (12.0 cases per 100 person-years (95% CI: 7.2-15.0) in Tanzania [31] ; 11.2 cases per 100 person-years in Uganda (95% CI: 10.2-12.2)) [32] that had similar prevalence. When comparing our rates to the HIV-negative population, our estimates appear to be substantially lower than previous studies out of South Africa have reported. Estimates from the Heart of Soweto Study reported an incidence rate of 24% over 5 years of follow-up [23] .
Risk factors for hypertension are well-characterized, and our findings were generally consistent with previous work [32] [33] [34] . We found that males, patients age >40 years, those with body mass index !25 kg/m 2 , and patients with pre-hypertension at ART initiation were at increased hazards of incident hypertension. Patients with pre-hypertension were twice as likely to experience incident hypertension, underscoring the need to monitor these patients closely. We also found that patients with low CD4 count at ART initiation were at increased hazards of incident hypertension. Previous research showed patients with a nadir CD4 cell count <50 cells/mm 3 had a 150% (adjusted odds ratio [OR], 2.48; 95%CI: 1. 27-4.83) increase in the odds of hypertension compared to those with higher CD4 cell counts [35] . A potential biological mechanism explaining this association is that low CD4 cell count has been associated with chronic immune activation and persistent microbial translocation [35] [36] [37] [38] [39] . Ingjerd et al. demonstrated a strong association between microbial translocation, measured by increased levels of lipopolysaccharide before initiation of ART, and subsequent sustained hypertension [40] . However, this association was inverted when assessing hypertension at ART initiation, where we show that more advanced disease (WHO stage III/IV, low CD4 and low Hb) was protective against prevalent hypertension. Weight loss and lower levels of triglycerides, most frequently found in patients with CD4 lymphocyte counts of less than 200 cells/mm 3 [41, 42] , could be reflected in the lower prevalence of incident hypertension in patients on ART. Our linear regression models, which used standardized data to assess predictors of systolic and diastolic blood pressure, showed minimal effect of any risk factors. Consistent with previous studies [43, 44] , we observed a 30% increased hazards of hypertension among patients on nevirapine compared to efavirenzand a 40% increased hazards of hypertension in patients on stavudine or zidovudine vs tenofovir. Although we were unable to assess the association of incident nephrotoxicity on incident hypertension, we did assess the association of hypertension with renal function at ART initiation and found that patients with moderate/severe renal insufficiency (HIV-associated, not ART related, nephropathy) at treatment initiation had a 55% increased hazard of incident hypertension compared to those with normal renal function. As two potential pathways that lead to increased risk of hypertension risk amongst HIV patients, researchers speculate that ART effects body mass index or immune reconstitution [42, 45] . Studies have also shown that exposure to tenofovir has been associated with accelerated eGFR decrease in the first 6 to 12 months after ART initiation among African HIV patients with no or mild renal dysfunction at initiation of ART [46] . The possible impact of secondary nephrotoxicity on hypertension rates deserves consideration in view of the large proportion of patients receiving tenofovir-based ART since it became standard first-line ART in 2010 in many low-and middle-income countries [47] .
In low-and middle-income countries, many people do not seek treatment for hypertension because it is prohibitively expensive due to the cost of the drugs. Close to 25% of patients in our cohort who had incident hypertension during follow up observation received medication for the condition. Of these, close to 60% had high blood pressure five months after treatment, suggesting that either the medication was not effective or was not adhered to appropriately. More than half of the remaining 75% of patients with incident hypertension, and no documentation of treatment for the condition, went on to have normal blood pressure measurements within six months of their diagnosis. The goal of the national guidelines for monitoring and treatment of hypertension is to decrease blood pressure to <140/90 mmHg in patients being treated with antihypertensive medication regardless of cardiovascular risk factors and underlying co-morbidities [48] . Further research is needed to closely examine the monitoring and treatment of the condition in patients receiving long-term ART.
Our findings should be considered alongside the study's limitations. First, because our study reports data from large, public sector government HIV clinics, our results may not be generalizable to the overall population. Second, lack of documentation of blood pressure measurements, clinical hypertension diagnosis, and/or prescribed antihypertensive medication could cause us to underestimate the proportion of patients prevalent and incident hypertension in the sample. This missingness could be the result of poor data capturing at the clinic level or due to the fact that monitoring and treatment of NCDs occurs separately from HIV care so a known hypertensive patient on treatment may not be reflected in the HIV data. Third, this lack of accurate information on prescribed hypertensive medication could explain why 58.2% of patients that received treatment for incident hypertension and went on to have elevated blood pressure at a median of 5 months after receiving hypertension medication, while 53.2% of those that did not receive treatment had elevated blood pressure measurement in a median of 6 months after being diagnosed hypertensive. Fourth, patients that were initiated onto the older generation of antiretroviral drugs (nevirapine, stavudine or zidovudine) could have had contraindications to efavirenz or tenofovir, placing them at higher hazards of hypertension. Since information on conditions that would indicate contraindication to the newer antiretrovirals was not available, we were unable to control for this and may be overestimating the hazards of hypertension in patients on those antiretrovirals. Fifth, we show that more advanced disease (WHO stage III/IV, low CD4, and low Hb) is protective against prevalent hypertension, while low BMI (<18 kg/m 2 ) is protective against incident hypertension. This might be related to BMI, as when adjusting for BMI our estimates are slightly attenuated, but still remain significant. It may be that BMI is not as accurate a marker of body fat as waist measurement would be [49] and adjusting for waist could nullify the effect association of makers of advanced disease. Alternatively, these indicators of poorer health status by WHO classification could be associated with malnutrition, in which low blood pressure is common, implying that our cohort differs from healthy HIV-negative cohorts in that it contains malnourished, HIV-infected patients, both at the onset of ART and over a life time of treatment. Six, as our estimates of prevalent hypertension are among HIV-positive patients that survive to initiate ART, survivor bias result in an underestimate of prevalence, biasing our results downwards. Finally, as we do not have access to HIV-negative population for comparison, we are unable to assess any association between HIV status and hypertension. However, the 2016 South African Demographic and Health Survey reported estimated a hypertension prevalence of over 40% among black South Africans older than 15 years of age [10], roughly 20% higher than the estimated 22% we reported in this study and consistent with previous research from sub-Saharan Africa [9, 23] .
Conclusion
Over 20% of patients in our cohort had hypertension at ART initiation, and 13% of those with normal blood pressure at ART initiation developed hypertension while on ART. Older patients, males, those on nevirapine, zidovudine or stavudine, and those who are overweight/ obese should be targeted for frequent blood pressure monitoring and the identification of other cardiovascular risk factors to encourage lifestyle modifications. Additionally, these atrisk populations should be offered pharmaceutical therapy to help prevent myocardial infarction, heart failure, stroke, and kidney disease. Further research is needed to determine the level of access and adherence to pharmaceutical treatment for hypertension in this population.
